There is considerable controversy concerning the fate of Alpine plants during Pleistocene glaciations. While some studies have found evidence for nunatak survival, others have explained the present genetic patterns by survival only in peripheral refugia. We investigated 75 populations of high alpine Ranunculus glacialis from its entire Alpine distribution. Phylogeographical analyses of AFLP data revealed four groups of populations. Two of them, located in the western Alps, were genetically isolated from each other and from the eastern groups, whereas the two eastern Alpine groups were genetically more similar to each other. This suggests longer isolation and/or lower levels of gene flow in the two western groups. As all groups are close to, or overlap with, presumed glacial refugia, invoking glacial survival on nunataks is unnecessary to explain the present genetic pattern. Similar to the phylogeographical patterns of R. glacialis , the previously investigated alpine Phyteuma globulariifolium and Androsace alpina , which are also confined to siliceous bedrock, showed strong geographical affinities to peripheral refugial areas and there were large-scale congruencies in the location of these refugia for all three species.
INTRODUCTION
During the cold stages of the Pleistocene, the European Alps were covered almost entirely with a continuous ice shield (Van Husen, 1987; Voges, 1995) . Only isolated mountain tops (nunataks) protruded from the surface of the glaciers. Accordingly, two hypotheses were formulated to explain survival of organisms in mountain ranges during the ice-ages: the 'nunatak' hypothesis suggests survival on mountain tops within the ice shield (e.g. Brockmann-Jerosch & BrockmannJerosch, 1926; Dahl, 1987; Stehlik, 2000) , whereas the tabula rasa hypothesis proposes total eradication of plant populations and subsequent recolonization from refugia outside the main glaciated area (Nordal, 1987; Birks, 1993) . Due to the geological situation in the Alps, with a central siliceous core flanked by peripheral limestone ranges over long distances (Voges, 1995) , the possibilities for peripheral glacial survival for plants confined to limestone and for those confined to silicate differ. While there are large limestone areas which remained free of ice, only few well circumscribed areas providing siliceous bedrock were unglaciated or at least situated below the Pleistocene snowline (van Husen, 1987; Voges, 1995) and, consequently, presum-ably acted as refugia. The relative simplicity of this system makes silicicolous plants very useful models to test hypotheses on glacial survival in the Alps.
Molecular methods are now widely accepted tools for approaching biogeographical questions. Investigations of recent patterns of historical relationships using primarily molecular methods have been called 'intraspecific phylogeography' (Avise, Arnold & Ball, 1987) . The amplified fragment length polymorphism (AFLP) technique (Vos et al ., 1995) is especially suitable for investigations at the intraspecific level, because a large number of normally highly variable markers can be generated.
Nunatak and tabula rasa hypotheses result in different genetic patterns (Stehlik, Schneller & Bachmann, 2001 , 2002b . Whereas the first would induce a patchy structure of related genotypes in central parts of the Alps (probably surrounded by genotypes from peripheral refugia), the latter is suspected to result in large groups of closely related populations that can be related to peripheral refugia.
Studies on alpine plants in Scandinavia yielded no evidence in favour of the nunatak hypothesis (Brochmann et al ., 1996; Gabrielsen et al ., 1997; Tollefsrud et al ., 1998) . Focusing mainly on the central Alps of Switzerland, Stehlik (2002) and Stehlik et al . (2001 Stehlik et al . ( , 2002a found indications for nunatak survival in three alpine plant species, the calcicolous Erinus alpinus (Scrophulariaceae) and Rumex nivalis (Polygonaceae) and the predominantly silicicolous Eritrichium nanum (Boraginaceae). However, previous phylogeographical studies on other silicicolous alpine taxa covering the entire Alps Schönswetter, Tribsch & Nikfeld, in press; Tribsch, Schönswetter & Stuessy, 2002) revealed three things. (1) The emergent groups of populations can all be related to presumed peripheral unglaciated refugia and peripheral nunatak areas (i.e. nunataks situated at the periphery of the ice shield providing territory below or at the Pleistocene snow line ( Fig. 1 ; Schönswetter et al ., 2002 Schönswetter et al ., , 2003 Tribsch et al ., 2002) . These areas were proposed on the basis of geological and palaeoclimatological evidence and show good congruence with patterns of endemism . Furthermore, it was demonstrated that (2) some of the phylogeographical patterns of the investigated species were in good congruence and that (3) there was no evidence for nunatak survival in central parts of the Alps.
Ranunculus glacialis L. (Ranunculaceae), our study species, is almost exclusively restricted to siliceous bedrock. It is one of the highest ascending vascular plants in the European Alps (Ellenberg, 1996) . The first characteristic makes it a good model organism to further test the location of Pleistocene refugia for silicicolous plants of the European Alps. Furthermore, in contrast to plants growing in lower elevations, the species' affinity to high alpine to nival altitudes does not exclude a priori survival on nunataks that certainly offered extremely harsh conditions for the survival of higher plants. Consequently, one aim of this study was to elucidate the glacial history of R. glacialis and to test nunatak and tabula rasa hypotheses. The second goal was to compare the results from R. glacialis with those of previously analysed Androsace alpina (Primulaceae) and Phyteuma globulariifolium (Campanulaceae), two other high alpine plants of the European Alps. We restricted our comparison to these three taxa as the available phylogeographical data are based on a similar sampling design covering the entire Alps and a similar number of investigated populations and of investigated individuals per population.
MATERIAL AND METHODS

S PECIES STUDIED
Ranunculus glacialis L. is of arctic-alpine distribution. It occurs in European mountain ranges (Sierra Figure 1 . Schematic transect through the Alps at the maximum extent of the last glaciation (last glacial maximum; 18 000 years bp). The grey area symbolizes the ice shield, the broken line represents the snow line (altitude above which snow does not melt in summer in an average exposition). Peripheral nunataks providing territory below the snowline within the ice shield occurred along the northern and southern periphery of the ice shield. Unglaciated peripheral refugia existed only at its southern margin.
Nevada, Pyrenees, Alps, Carpathians, Scandinavian mountains) as well as on the Faeroe Islands, Jan Mayen, Spitzbergen, Iceland and along the eastern coast of Greenland (Hultén & Fries, 1986) . Several intraspecific taxa of R. glacialis have been recognized in the Alps on the basis of differences in leaf shape and indumentum, but they are not considered to deserve taxonomic recognition (Zimmermann, 1974) .
Within the Alps, R. glacialis is widespread. It occurs from the Ligurian Alps (north-west Italy) to the easternmost high mountains in the central Alps of Austria (Fig. 2) . The species is a very common and abundant element of silicicolous high alpine to subnival plant communities. As one of the highest ascending alpine species, it is found at elevations of up to 4270 m above sea level in the Swiss Alps (Ellenberg, 1996) . It is an alpine pioneer species, often growing in unstable habitats such as scree slopes and moraines. Although explicit data on the breeding system of R. glacialis are lacking, it is presumably out-crossing as are other alpine Ranunculus species, for example, R. alpestris (Müller & Baltisberger, 1984) . The diaspores are comparatively large (2.5 mm, 0.31 mg; Müller-Schneider, 1986) , winged, and can be dispersed by animals such as snow finches ( Montifringilla nivalis ; Müller-Schneider, 1986 ). The amount of vegetative propagation is presumably very limited, as the species has only a short rhizome. Ecophysiologically, R. glacialis is comparatively well studied, contributing much to the knowledge of nival plants (see references in Körner, 1999) .
S AMPLING
We sampled 75 populations of R. glacialis (Table 1) throughout the Alps and tried to cover its distribution as evenly as possible. In most cases, we collected leaf material of three plants per population that had a minimum distance between them of 10 m, and immediately stored them in silica gel. In populations 9 and 39 only two individuals were sampled. Voucher specimens of all populations have been deposited in the herbarium of the Institute of Botany of the University of Vienna (WU). Total genomic DNA was extracted from similar amounts of dried tissue following the CTAB-protocol (Doyle & Doyle, 1987) with the following modifications: after precipitation with isopropanol and subsequent centrifugation, the DNA pellet was washed with 70% ethanol, dried at 37∞C and re-suspended in TE buffer. The quality of the extracted DNA was checked on 1% TAE agarose gels. Approximately 10% of the extracts was quantified photometrically (UV 160 A Spectrophotometer, Shimadzu, Japan) and the average DNA concentration was estimated. The AFLP procedure followed Vos et al. (1995) , with modifications. Genomic DNA (c. 0.5 mg) was digested with two restriction endonucleases, EcoRI and MseI, and ligated to double-stranded EcoRI and MseI adapters (VBC Genomics, Vienna, Austria) in one step at 37∞C for 2 h followed by 17∞C overnight. The reaction mix (final volume 11 ml) contained 1.1 ml T4 DNA ligase buffer (Promega, Madison, Wisconsin, USA), 0.5 ml BSA (1 mg mL -1 ; New England Biolabs, Beverly, Massachusetts, USA), 1 ml 0.5 M NaCl, 1 U MseI (New England Biolabs), 5 U EcoRI (Promega), 1 U T4 DNA ligase (Promega), 1 ml 50 mM MseI-adapters, 1 ml 5 mM EcoRI adapters and c. 0.5 mg template DNA. Ligated DNA fragments were diluted 10-fold with TE 0.1 buffer. Preselective amplification, as well as selective amplification were performed in a volume of 5 ml in a thermo cycler (GeneAmp PCR System 9700, PE Applied Biosystems, Foster City, California, USA). PCR protocols followed Vos et al. (1995) . The reaction mix for the preselective amplification contained 0.57 ml RedTaq PCR Reaction buffer 10¥ (Sigma, Saint Louis, Missouri, USA), 0.1 U RedTaq, 0.11 ml dNTPs (10 mm ml -1 ; Fermentas, Hunover, Maryland, USA), 0.29 ml preselective primers (5 ng ml -1 ) and 1 ml diluted product of the restriction/ligation. As selective primers with four selective nucleotides were chosen (see below), separate preselective PCRs with two selective nucleotides in the MseI primer (-CA and -CT) had to be performed. The PCR product was diluted 10-fold with TE 0.1 buffer. An initial screening of selective primers using 34 primer combinations The reaction mix for the selective amplification contained 0.53 ml RedTaq PCR Reaction buffer 10¥ (Sigma), 0.1 U RedTaq, 0.11 ml dNTPs (10 mm/ml; Fermentas), 0.27 ml of each selective primer (MseI-primer: 5 ng ml -1 , EcoRI-primer: 1 ng ml -1 ) and 1 ml diluted product of the preselective amplification. The fluorescence-labelled selective amplification products were separated on a 5% polyacrylamide gel with an internal size standard (GeneScan-500 [ROX], PE Applied Biosystems) on an automated sequencer (ABI 377, Perkin Elmer). Raw data were collected and aligned with the internal size standard using the ABI Prism GeneScan Analysis Software (PE Applied Biosystems). Subsequently, the GeneScan files were imported into Genographer (version 1.1.6, Montana State University 1998; http://hordeum.msu.montana.edu/genographer/ ) for scoring of the fragments. Each AFLP fragment was scored using the 'thumbnail' option of the program, which allows comparison of the signal per locus over all samples. AFLP fragments that exhibited ambiguous peaks were excluded from the analysis of all samples. Peaks of low intensity were included in the analysis, when unambiguous scoring was possible. The results of the scoring were exported as a presence/ absence matrix and used for further analysis.
DATA ANALYSIS
Shannon diversity H Sh = -S( p j ln p j ), where p j is the relative frequency of the j-th fragment (Legendre & Legendre, 1998) , the number of AFLP-fragments per population and the percentage of fragments which were polymorphic within each population (% POLY ) were calculated for all populations. For both diversity indices only populations with three individuals were taken into account. As additional diversity markers, the mean number of rare fragments per individual (N RI ) and the number of private (N P ) and fixed private fragments per population were estimated. Fragments were treated as rare when they occurred in fewer than 10% of the 223 investigated individuals. Private fragments are confined to a single population and fixed private fragments are found in all investigated individuals of a single population. Analyses of molecular variance (AMOVAs) were calculated with ARLEQUIN 1.1 (Schneider et al., 1997) . To investigate the relationship between H Sh and the presumed intensity of Pleistocene glaciation, the populations from the eastern Alps were classified relative to the snowline during the last glacial maximum (LGM; Penck & Brückner, 1909; Jäckli, 1970; Nagl, 1972; Van Husen, 1987; summarized in Tribsch & Schönswetter, 2003) as follows: below the LGM snowline; 0-300 m above the LGM snowline; 300-700 m above the LGM snowline; more than 700 m above the LGM snowline. We restricted this analysis to the eastern Alpine populations because only there does R. glacialis grow in regions with very different intensities of Pleistocene glaciation.
A principal coordinate analysis (PCoA) of populations based on AMOVA-derived pairwise F ST (equivalent to F ST ; ARLEQUIN 1.1; Schneider et al., 1997) between populations was calculated and plotted with the program package NTSYS-pc 2.0 (Rohlf, 1997; programs DCENTER, EIGEN) .
Mantel tests were applied in three different ways, according to Stehlik et al. (2001) : (1) to compare the genetic matrix of Jaccard distances (D = 1 -C J ; C J = a/a + b + c, where a is the number of fragments shared between two individuals and b and c are the number of fragments present in only one individual) between individuals with a matrix of geographical distances in km, i.e. the 'classical' use of a Mantel test; (2) to test the goodness-of-fit of the genetic distance matrix and a model matrix of distance classes (Gabrielsen et al., 1997) , where the geographical distances between individuals were coded in 13 classes; (3) to test the relationships of the groups defined by PCoA, the genetic distance matrix was tested against a model matrix where all pairwise comparisons between the population groups were coded. All Mantel R M -values were calculated and Bonferroni-corrected using the R-PACKAGE 4.0 (Casgrain & Legendre, 1999) .
RESULTS
INTRAPOPULATIONAL GENETIC DIVERSITY
With the two primer combinations used, 192 unambiguously scoreable fragments were generated for the 223 investigated individuals. Three of them (1.6%) were monomorphic. The lengths of the fragments varied between 53 and 480 bp. Two identical AFLP profiles were detected in population 12.
The number of fragments per population varied between 27 in population 5 and 58 in population 27 (mean = 44.49, SD = 6.36; Table 1 ). The percentage of fragments which were polymorphic within a certain population varied between 11.76% in population 12 and 74.36% in population 16 (mean % POLY = 48.13, SD = 9.78; Table 1 ). The H Sh ranged from 1.27 in population 12 to 11.86 in population 33 (mean H Sh = 7.08, SD = 1.87; Table 1 ). The H Sh was marginally significantly positively correlated with the intensity of Pleistocene glaciation (N = 51; Spearman rank correlation r S = 0.262, P = 0.063). When disregarding populations 24 and 27 (see Discussion), the correlation was significant (N = 49, r S = 0.386, P = 0.006), i.e. heavily glaciated areas had significantly higher H Sh than did less glaciated regions. There was no correlation between % POLY and the intensity of Pleistocene glaciation (N = 51; r S = 0.168, P = 0.239). The mean number of rare fragments per individual (N RI ) varied between 0.33 in populations 28 and 63 and 11.33 in population 21 (mean N RI = 3.56, SD = 2.74; Table 1 ). The H Sh and % POLY were significantly correlated (Pearson twotailed, P < 0.001), whereas H Sh and N RI were not (P = 0.78). Private fragments (N p ; 1-2 per population) were found in 19 populations (Table 1) . One fixed private fragment existed in population 44, two in populations 12, 14 and 69 and three in population 21.
CLUSTERING OF POPULATIONS AND GEOGRAPHICAL
STRUCTURE
The PCoA (Fig. 3) revealed a separation into four groups, SW, W, C and E (see Fig. 2 for locations of geographical units). SW covered the south-western Alps of France and Italy south of Valle d'Aosta (32 investigated individuals); W covered the northern part of the western Alps in Italy and Switzerland (33 individuals); C covered the central part of the Alps in Italy, Switzerland and Austria east to Mt. Grossglockner (101 individuals); E covered the easternmost Alps in Italy and Austria (57 individuals). E and C were separated from SW and W with a large percentage of the variation being explained by the first factor (40.78%). SW and W were separated along the second (17.32%) and E and C along the third factor (14.19%). Thirty fragments occurred in all four population groups, 23 were private to SW, 15 to W, five to C and nine to E. 
PARTITIONING OF AFLP VARIATION
In the AMOVAs with only two levels of variation (i.e. within and among populations), 51.1% of the overall variation was found among populations (Table 2 ). With a third hierarchical level, i.e. including variation among the four groups of populations as defined above, 40.7% of the total variation was detected among groups, 16.4% among populations within groups and 42.9% within populations (Table 2) . When differentiating two main groups, i.e. SW together with W against C together with E, 36.5% of the overall genetic variation was partitioned between them ( Table 2 ). The differentiation between SW and W (41.6% of the overall genetic variation) was clearly stronger than that between C and E (20.2%; Table 2 ).
RELATIONSHIP BETWEEN GEOGRAPHICAL AND GENETIC
DISTANCES
The overall R M -value calculated with genetic and geographical distances was 0.67 (P = 0.001). Genetic distances therefore significantly increased with geographical distances. The Mantel test with distance classes (Fig. 4) revealed significantly positive correlations of geographical and genetic distances among populations separated by up to 180 km. This correlation was significantly negative from 220 to 700 km distance. The highest R M -value was found not within but among populations, being 20-40 km apart (R M = 0.24, P = 0.001). The lowest R M -value existed among populations separated by 400-500 km (R M = -0.31, P = 0.001).
In regional Mantel tests (Table 3) , all population groups were characterized by positive within-group correlations. The corresponding R M -value was low in SW (R M = 0.11, P = 0.001) and W (R M = 0.07, P = 0.003), but much higher in C (R M = 0.46, P = 0.001) and E (R M = 0.36, P = 0.001). There was a significantly negative correlation between population groups SW together with W (P = 0.001) and all other groups and a significantly positive correlation between C and E (R M = 0.32, P = 0.001).
Mean H Sh was significantly lower in SW (mean H Sh = 5.53, SD = 2.13) than in W (mean H Sh = 7.32, SD = 1.81) and C (mean H Sh = 7.85, SD = 1.48; t-test, P = 0.05 and 0.005, respectively). Furthermore, in C it was higher than in E (mean H Sh = 6.46, SD = 1.68; P = 0.05). Mean N RI varied strongly; it was high in SW (mean N RI = 6.30, SD = 1.93) and W (mean N RI = 7.75, SD = 2.01) and significantly lower in C (mean N RI = 2.15, SD = 1.15, P < 0.001) and E (mean N RI = 1.86, SD = 1.23; P < 0.001).
DISCUSSION GLACIAL HISTORY OF RANUNCULUS GLACIALIS
Phylogeographical analyses of AFLP data of 75 populations of R. glacialis covering the species' total Alpine distribution range identified four groups of populations, namely SW, W, C and E (Fig. 3) . These groups were arranged in an east-western sequence following the length extension of the Alps (Fig. 2) . The two western groups, SW and W, were genetically isolated both from each other and from the two eastern groups, C and E, in regional Mantel tests (Table 3 ). In contrast, the latter two eastern groups were genetically more closely related to each other, as indicated by their significantly positive Mantel correlation (Table 3) . This supports a scenario of longer isolation of populations in SW and W compared with those in C and E that is, however, difficult to explain. Alternatively, higher levels of gene flow between populations of C and E might account for the present pattern. Stronger genetic divergence of groups of the western Alps was also detected in a study on A. alpina (Schönswetter et al., in press ) and was partly explained by the more fragmented distribution of the species in that area.
The inferred longer isolation of populations in SW and W was also supported by their within-region genetic pattern. Besides being genetically more divergent, these two groups exhibited a stronger internal structure compared with the two eastern groups. There were significantly more private and rare fragments in western groups SW and W than in eastern groups C and E (Table 1) , which can be interpreted as a further estimate of genetic divergence. Mantel values for the combinations SW/SW and W/W (i.e. selfcorrelations) in the regional Mantel tests (Table 3) were much lower than were those for C/C and E/E, indicating higher similarity between individuals of R. glacialis within the two eastern groups. The greater portions of genetic variation among populations of SW and W compared with those of C and E corroborate this scenario (52% vs. 33%; Table 2 ). The alternative hypothesis of a sampling artefact (e.g. differences in sampling densities and a lower number of investigated populations in the two eastern groups) is contradicted by our data: in an AMOVA calculated with only 20 randomly selected populations from C and E, the variation among populations rose only very slightly from 33% to 36.6% (data not shown). All these results suggest that a large number of isolated populations survived in refugia along the unglaciated margin of SW and W. These glacial survival populations retained their genetic integrity, similar to the situation in calcicolous E. alpinus (Stehlik et al., 2002b) , and may have given rise to many lineages detectable today. In contrast to other studies of Alpine taxa (e.g. Tribsch et al., 2002) , central parts of the distributional area of R. glacialis were characterized by higher H Sh than were peripheral parts. This may have been due to the amalgamation of descendants of differentiated refugial populations. A similar situation as in R. glacialis was detected in the common beech Fagus sylvatica (Fagaceae), where northern European populations had higher levels of allozyme variation than did those from southern European refugia (Comps et al., 2001) . Additionally, the conservation of genetic diversity was probably strongly influenced by the larger size of populations and the higher frequency of habitats in central parts of the Alps compared with peripheral regions where small populations were often bound to extreme habitats such as north exposed wet rock faces. Exceptions were the large populations 24 and 27 from the southern Alpine periphery, that were also genetically diverse. However, the low number of investigated individuals per population renders it difficult to rely fully on the genetic diversity data.
The populational groups of SW, W, C and E (Figs 2, 3) overlapped with presumed glacial refugia for silicicolous Alpine plants or were at least in close vicinity to them. There is thus no need to involve glacial survival on central nunataks to explain the present day genetic pattern in R. glacialis as the overall observed genetic pattern was characterized by large and relatively uniform groups of populations. Furthermore, there were no genetically isolated and island-like population groups in central parts of the Alps that could not be related to these presumed refugia (as opposed to the situation in predominantly silicicolous E. nanum surviving on nunataks in the central Alps; Stehlik et al., 2001 Stehlik et al., , 2002a . Hence, the most probable scenario for the present genetic pattern in R. glacialis (Fig. 5A) is in situ survival in and remigration out of peripheral parts of the Ligurian, Maritime and eastern Cottic Alps for SW, eastern Grajic Schönswetter et al. (2002) . Information on type of bedrock is simplified from Schönenberg & Neugebauer (1994) ; the maximum extent of the Pleistocene ice shield is as in Fig. 2 . Presumed refugial areas for silicicolous vascular plants (ovals) are proposed based on geological and biological evidence. (B) phylogeographical pattern of P. globulariifolium modified from Schönswetter et al. (2002) . (C) phylogeographical pattern of A. alpina modified from Schönswetter et al. (in press The silicicolous P. globulariifolium and A. alpina are two alpine species studied on similar spatial scales and populational sampling densities as R. glacialis (Schönswetter et al., 2002, in press) , and applying the same methodology. The phylogeographical patterns of P. globulariifolium and A. alpina were mostly nonoverlapping (Fig. 5B,C) . In P. globulariifolium, the phylogeographical structure was strongly hierarchical, with a major genetic split running north-southwards through the middle part of the Alps . The resulting two groups (crosses and encircled crosses; dots and squares; Fig. 5B ) were further subdivided into two subgroups each. In A. alpina, the overall genetic pattern was less strongly structured (Schönswetter et al., in press) . Two divergent population groups occurred in the western Alps (crosses and encircled crosses; Fig. 5C ). The situation in the eastern Alps was controversial, as the easternmost group (squares) apparently descended from its western neighbour (dots). Both regions were characterized by highly positive correlations in regional Mantel tests. The phylogeographical pattern obtained for R. glacialis in the present study was strikingly similar.
As for R. glacialis, the population groups of P. globulariifolium and A. alpina inferred from genetic data could be related to presumed refugia for silicicolous plants situated at the southern and eastern margins of the Alps. The main criterion for recognition of a population group indicative for a glacial refugium was its high genetic divergence. Thus, the results of the three studies on P. globulariifolium, A. alpina and R. glacialis allow identification of the following regions as glacial refugia for silicicolous plants (Fig. 5A ): eastern Cottic Alps (based on the studies of A. alpina and R. glacialis), southern Penninic and eastern Grajic Alps (A. alpina, R. glacialis), Alpi Bergamasche, southern Adamello and southwestern Dolomites (A. alpina, R. glacialis), southwestern Dolomites (P. globulariifolium) and easternmost Austrian central Alps (P. globulariifolium, R. glacialis). It was not possible to differentiate between descendants from the hypothetical refugia in the Alpi Bergamasche and southern Adamello. Additional data from the silicicolous east Alpine (sub)endemics Saponaria pumila and A. wulfeniana corroborate the pattern of P. globulariifolium in the eastern Alps with refugia in the south-western Dolomites and the easternmost central Alps.
There were, obviously, several isolating factors preventing gene flow among refugial populations during Pleistocene glaciations. Huge glacier tongues protruding from the Alps were probably very important. Continuous mountain ranges composed of limestone flanking the Alpine margin (Fig. 5A) acted as barriers, which strictly silicicolous species would not have been able to colonize. In contrast, limestone regions in the interior parts of the Alps are spatially too restricted to be barriers for remigration. Deep valleys provided additional possible migration obstacles during warmer stages. In R. glacialis, the northern border of SW and the western border of C are indeed formed by the deep valley of Val d'Aosta and the Rhine Valley together with Lago di Como. In P. globulariifolium, the major genetic split follows the Etsch valley in Italy. Interestingly, the main chain of the Alps was obviously no remigration barrier as it was crossed independently from south to north by nearly all of the population groups in all three species.
As indicated above, the phylogeographical structure of R. glacialis along with those of A. alpina and P. globulariifolium do not fulfil the expectations of glacial survival on central nunataks as has been suggested, for example, by Stehlik et al. (2001 Stehlik et al. ( , 2002a for Eritrichum nanum. There are at least three possible explanations for an absence of such patterns. First, there simply was no survival on central nunataks. Second, high levels of gene flow among nunatak survivors within the presently recognizable population groups prevented the preservation of genetically isolated lineages. Third, nunatak survivors were completely swamped by genotypes remigrating from peripheral refugia. Whatever the correct hypothesis might be, there is no need to invoke additional survival on central nunataks deep in the ice shield to explain the present-day pattern, as in the studies on Scandinavian plants (Brochmann et al., 1996; Gabrielsen et al., 1997; Tollefsrud et al., 1998) .
In conclusion, the comparison of P. globulariifolium, A. alpina and R. glacialis should demonstrate the power of a comparative phylogeographical approach that integrates glacial histories of individual taxa into an increasingly sharp picture of how the glaciations of the Pleistocene shaped not only landscape, vegetation and flora, but also the genetic constitution of plants in the Alps.
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